Abstract The ability of trees to recover from damage beyond the last-formed periderm as well as the drivers and nature of associated wound reactions have been studied for more than two centuries using macroscopic (desiccation, aeration or discoloration of wood) and microscopic approaches (anatomical and chemical reactions). However, no studies currently exist which address large-scale macroscopic and microscopic reactions surrounding wounds in the tangential, axial, and radial directions over continuous segments of tree stems. This note explores the potential of 3D X-ray computed tomography in assessing effects of wounding under natural conditions in European conifers (Abies alba, Larix decidua, Picea abies). We present results from a pilot study and qualitatively evaluate the potential of the approach used in assessing and illustrating the formation and spread of de-differentiated xylem parenchyma cells, xylem decay compartmentalization, resin ducts, and stabilizing compression wood cells.
Introduction
The ability of trees to recover from damage beyond the last-formed periderm as well as the drivers and nature of associated wound reactions has been studied for more than two centuries (Hartig 1844; Bannan 1936; Delvaux et al. 2010 ). Traits have been described as protecting stems from the negative effects of damage, assisting them in overgrowing wounds and/or constraining pathogens and decay-producing organisms from spreading into adjacent tissues (Romero et al. 2009 ). Using a macroscopic approach, Shigo (1984) extensively analyzed the formation of protective and defensive tissues as a reaction to wounding [CODIT; also see Smith (2006) for a recent overview]. The main focus of macroscopic wound analysis has been either on desiccation and aeration of exposed tissues or on the discoloration of affected wood (Rademacher et al. 1984; Shortle et al. 2010 ). More recent work investigated the formation and properties of physical and chemical boundaries serving to wall off compromised tissues (Stobbe et al. 2002; Eyles et al. 2003) . Trees have been demonstrated to respond immediately to wounding (Rier and Shigo 1972; Nagy et al. 2000; Cruickshank et al. 2006; Rajput et al. 2009 ) with the nature and type of reactions depending on the intensity of the mechanical impact and the size of the wound Stoffel and Hitz 2008) .
Past microscopic investigations of stem reactions to wounding focused on the production of resin and the formation of tangential rows of traumatic resin ducts (TRD). Most previous work was entirely experimental and studied damage inflicted artificially to small trees or seedlings (Ruel et al. 1998; Lev-Yadun 2002; Romero et al. 2009 ). The formation and extent of TRD has been studied for juvenile and adolescent European conifers (Abies alba, Larix decidua, Picea abies) using crosssections from various heights within, above and below wounds (Stoffel and Hitz 2008; Bollschweiler et al. 2008; Schneuwly et al. 2009a, b) . These studies yielded valuable semi-point data, but no continuous threedimensional (3D) information on wound reactions.
Previous work addressing 3D analysis of living trees primarily focused on the identification of decay (e.g., cavities) or the role and spread of compartmentalization as a means to prevent decay (Brazee et al. 2010) . Several approaches have been tested successfully in the past including stress wave timing (Lawday and Hodges 2000) , ultrasonic tomography (Socco et al. 2004) , magnetic resonance imaging (Müller et al. 2001) , or electrical resistance and resistivity (Ostrofsky and Shortle 1989; Larsson et al. 2004) . In their magnetic resonance imaging (MRI) analysis of Fagus sylvatica, Oven et al. (2008) were the first to focus on a continuous, 3D image of a wound rather than on decay, but their study focused on a single small injury inflicted to a tree branch. More recently, Seifert et al. (2010) investigated the long-term effects of pruning on wild cherry using CT. Nevertheless, no studies actually exist which address large-scale reactions around wounds (i.e. tangential, axial and radial directions) over continuous (\15 cm) segments of juvenile or adult (DBH [ 20 cm) tree stems.
X-ray computed tomography (XRCT) was first developed in medicine (Oldendorf 1961; Cormack 1963) as it provides an accurate spatial distribution of the inner structure of objects (Duliu 1999) . The potential of XRCT was rapidly recognized by non-medical sciences including dendrology (Lindgren et al. 1992; Wilkes et al. 2009 ) to determine the spatial distribution of internal structures and to facilitate pre-cutting decisions using artificial neural networks or maximum likelihood classifier (Sarigul et al. 2003; Wei et al. 2009 ). In dendrochronology, CT has been used primarily to measure the tree-ring widths in fragile, archeological objects (Bill et al. 2012) .
This contribution therefore explores and illustrates possibilities and limitations of a 3D X-ray computed tomography (XRCT) assessment of wounds in European conifers (A. alba, L. decidua, and P. abies). Samples are shown with mechanical damage inflicted by falling rocks under natural conditions and wounds penetrating beyond the last-formed periderm. We present highly resolved 3D images, obtained with XRCT, and evaluate their potential in assessing and illustrating the formation and spread of (1) de-differentiated xylem parenchyma cells (i.e. callus tissue), (2) xylem decay compartmentalization, (3) resin and TRD, and (4) stabilizing compression wood cells.
Materials and methods

X-ray computed tomography
Three-dimensional data of wound reactions were gathered from large cross-sections (DBH [ 20 cm; stem segments [15 cm) of European conifers (A. alba, L. decidua and P. abies) using XRCT. XRCT is based on the attenuation of the X-ray beam by the object, thereby providing a set of absorption projections in 2D that can be reconstructed to obtain 3D structures (Duliu 1999) . Depending on the energy, the density and effective atomic number of the material, XRCT yields qualitative data on local density within the wood. A total of 26 samples were scanned with a resolution of 1.25 mm using a Siemens Emotion 6 XRCT operated at 130 kV and 200 mA beam current, resulting in projections with a size of 512 9 512 pixels. In this contribution, we illustrate one characteristic example of damage in common, juvenile to adult (36-53 years) L. decidua, P. abies, and A. alba.
Qualitative image analysis
Raw XRCT output data were stored as DICOM files (digital imaging and communication in medicine) and processed with Osirix (www.osirix-viewer.com; Rosset et al. 2004 ) using 256 gray values-expressed in Hounsfield Units (HU)-to identify macroscopic and microscopic features with a resolution of up to *0.3 mm. Based on the Lambert-Beer law we then obtain maps of attenuation coefficients (Duliu 1999) . A HU of -1,096 refers to air, the maximum density obtained for wood structures are 827 (resin or dense wood, e.g., reaction wood structures). Finer structures cannot be resolved with medical XRCT.
Further visualization was performed using the 3D volume rendering function in Osirix. Brightness and contrast values were adjusted for each sample to display zones with anomalous density. Highest densities are shown in white and bright yellow (corresponding to 700-800 HU), lower densities are displayed in red and have values of -200 to 300 HU, black structures are not visible.
Results and discussion
Four representative cross-sections are illustrated here from L. decidua, P. abies and A. alba. Samples exhibit considerable damage resulting from rock impacts and were airdried for several months prior to analyses so as to minimize residual humidity. Prior to XRCT analysis, we dated and documented growth anomalies with dendrogeomorphic techniques Stoffel et al. 2010) . This macroscopic assessment yielded data on callus tissue formation, tangential rows of TRD, and reaction wood (i.e. compression wood) in 2D. Characteristic examples of wound and other growth reactions at the macroscopic level are presented in Fig. 1 .
The main focus using XRCT was on the identification of callus tissue, TRD, reaction wood as well as possibly further growth anomalies and defense structures following wounding in 3D. Through the use of a medical XRCT, it is expected that the density of wound reactions and defense structures would be significant enough to allow for a distinction of different growth anomalies in the radial, tangential and axial dimension. This pilot study did not, in contrast, aim at resolving finer structures (such as individual growth rings in trees). Figure 2 shows different XRCT images of a L. decidua cross-section with an almost entirely overgrown scar, which was inflicted to the tree 15 years before it was sampled for analysis. Tree rings, as seen in the grayscale raw XRCT data (Fig. 2, inset) , are very distinct for a few years after wounding but poorly resolved in the innermost portion of the stem and for the outermost series of rings. These differences are partly due to ring width and clearly show the limitations of XRCT for microscopic analyses. Following wounding, the sampled L. decidua tree allocates its reserves to ring formation and wound closure (Fig. 2b) , resulting in the formation of large, clearly visible rings. Before and after this temporal increase in ring width, the L. decidua tree illustrated in Fig. 2 produced increment rings which were too small to be resolved clearly in the raw XRCT image. In addition, wood decay in the rings formed prior to wounding also prevents a better visibility of growth rings in this segment of the cross-section.
Detailed views of rings formed after wounding are provided in Fig. 2a, b . Zones illustrated in white and gray in the 3D XRCT image do not show any density anomalies. Highest densities are given in white and bright yellow, lower densities are displayed in red. The clear red and pink structures in the inner part of the cross-section are branches, and not of interest for the purpose of this study. Darker surfaces show rings with above-average densities. Macroscopic verification on the cross-section shows that these red and ruby surfaces represent areas of compression wood (lower part of Fig. 2a ) or chaotic callus tissue (i.e. surfaces overgrowing the wound in Fig. 2a , a detailed view is provided in the micro-section of Fig. 2c) .
Compression wood serves the stability of a tree and is characterized by much thicker walls and smaller lumina as compared to normal tracheids. The formation of compression wood following rockfall impact under natural condition proves to be exceptional and spatially limited in the present case; this feature is largely restricted to a small portion of the tree's circumference and to a few years after wounding. This observation in fact confirms findings from earlier 2D studies stating that L. decidua does not tend to be tilted by short, but intense impacts of rocks (Stoffel et al. 2005; Schneuwly and Stoffel 2008; Schneuwly et al. 2009a) .
The denser wood structures overgrowing the wound from its edges represent chaotic callus tissue and show that the presence of denser wood structures is mostly limited to the latewood portion of the ring in the present case. We therefore speculated that the sampled L. decidua tree preferentially invested in wood production during earlywood to expedite wound closure and that stability of the overgrowing pad and associated callus tissue formation with denser cells only became a priority during latewood formation. The zones appearing in yellow and light orange represent surfaces with high densities and designate zones with a concentration of resin and tangentially aligned series of ducts (TRD). The formation of TRD has been described extensively in the literature and represents a tree's reaction to protect itself from decay and pathogens (e.g., Bannan 1936; Shigo 1984; Smith 2006) . Interestingly, TRD continue to be formed next to the wound several years after the impact, an observation, which is consistent with previous wood-anatomical investigations on trees affected by mechanical disturbance under natural conditions (e.g., Stoffel and Hitz 2008; Schneuwly et al. 2009a, b) . Noteworthy, the tangential extent of TRD is more pronounced left of the wound and thus points to larger cambial damage in this segment of the stem.
Another interesting feature is the reddish-yellow line highlighted with an arrow in Fig. 2a . This feature represents a small portion of the walls which trees form following wounding to compartmentalize and to protect the newly formed rings from decay. The limited resolution of medical XRCT prevents a complete illustration of these walls, but provides prime insights into a wound-related feature, which cannot easily be seen using conventional 2D assessments of wounds with cross-sections. Figure 2d represents a 3D cut out of the unprocessed data where growth rings formed prior to wounding have been removed. Besides illustrating zones of callus tissue and TRD, this cut also exhibits spatial differences in wound closure and pad thickness and points to the privileged closure of the injury from its upper and lower ends. XRCT imagery can thus also be used for a spatially explicit quantification of wound closure rates as recently tested by Schneuwly-Bollschweiler and Schneuwly (2012) for 2D samples (cross-sections) of L. decidua, P. abies and A. alba.
Figures 3 presents XRCT raw data and density anomalies of a Picea abies tree wounded by rockfall under natural condition. Similar to the anomalies presented for the L. decidua sample (Fig. 2a) , we observe an abundance of resin and the presence of TRD, characterized by the yellowish surfaces in the image, as well as chaotic callus The clear red and pink structures are (hidden) branches, b details of the callus pad formed after wounding and pre-wounding rings have been removed. Note the differences in closure rate and increment laid down on either side of the wound, c macroscopic view of the callus pad and the abundance of resin (dark brown structures), d micro-section of the callus tissue and resin ducts tissue structures in the callus pad overgrowing the wound. While more abundant at the time of wounding and even penetrating into pre-wounding growth rings, resin production is less widespread in the P. abies sample as compared to L. decidua in the present case. The more localized presence of TRD in P. abies clearly reflects the smaller scar size and presumably smaller impact energies and results do not therefore contradict findings of Schneuwly et al. (2009a) who reported TRD to be more abundant in P. abies than in L. decidua.
The cross-section illustrated in Fig. 4 is from an A. alba tree impacted by rockfall under natural conditions. In contrast to the other samples shown in this study it does not exhibit areas with increased presence of resin or TRD, but several zones with impact-related compression wood. These zones of compression wood formation are apparent from the XRCT image (Fig. 4, inset) and represented in greater detail in Fig. 4a, b . Noteworthy, in contrast to the callus tissue zones illustrated for L. decidua or P. abies, the density of tracheid cells is not only increased in latewood, but also present in earlywood cells. The earlywood portion of the increment ring nevertheless shows significantly lower densities (reddish-orange tones) as compared to the much denser latewood layers represented in yellow and white. The predominance of compression wood (also see Fig. 4a 0 for a detailed macroscopic view of the reaction wood) and the associated scarcity of TRD in A. alba Resin and associated tangential rows of traumatic resin ducts (yellowish segments) are abundant around the wound and chaotic callus tissue structures predominate in the callus pad overgrowing the wound. Noteworthy, resin penetrates into pre-wounding growth rings, also in unclosed areas of the wound (see arrow) subject to aeration and dessiccation Fig. 4 Cross-section of a Silver fir (A. alba Mill.) tree (inset). In contrast to the other species, A. alba does not produce abundant resin (ducts), but several zones with impact-related compression wood: a detailed view of areas with compression wood close to the pith [XRCT and (a 0 ) macroscopic views] and b compression in the outermost rings as a reaction of the stem to mechanical impact and subsequent destabilization of its trunk. Note the differences in wood density due to the presence of a branch Trees (2013 Trees ( ) 27:1805 Trees ( -1811 Trees ( 1809 confirm previous findings of Bannan (1936) , Stoffel et al. (2005) and Schneuwly et al. (2009a) .
Conclusion
The main purpose of using medical XRCT is the ability to visualize wood samples in full 3D and to extract zones of anomalous density. Zones or entire increment rings with higher or lower densities mainly indicate smaller cells with thicker cell walls (e.g., compression wood) or resin-saturated areas representing trees' reactions to mechanical damage. A visualization of damage and related growth anomalies in 3D enhances our understanding of growth reactions in trees to mechanical disturbance and allows more comprehensive analysis and documentation of processes of wound healing and compartmentalization, especially if combined with results from conventional 2D wood-anatomical and/or phytochemical analyses.
